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Nuclear beta decay rates are an essential ingredient in simulations of the astrophysical r-process.
Most of these rates still rely on theoretical modeling. However, modern radioactive ion-beam facil-
ities have allowed to measure beta half lives of some nuclei on or close to the r-process path. These
data indicate that r-process half lives are in general shorter than anticipated in the standard the-
oretical predictions based on the Finite Range Droplet Model (FRDM). The data have also served
as important constraints for improved predictions of half lives based on continuum QRPA calcu-
lations on top of the energy-density functional theory. Although these calculations are yet limited
to spherical nuclei, they include the important r-process waiting point nuclei close to and at the
neutron magic numbers N = 50, 82 and 126. We have studied the impact of these new experimental
and theoretical half lives on r-process nucleosynthesis within the two astrophysical sites currently
favored for the r process: the neutrino-driven wind from the freshly born neutron star in a supernova
explosion and the ejecta of the merger of two neutron stars. We find that the, in general, shorter
beta decay rates have several important effects on the dynamics of r-process nucleosynthesis. At
first, the matter flow overcomes the waiting point nuclei faster enhancing matter transport to heav-
ier nuclei. Secondly, the shorter half lives result also in a faster consumption of neutrons resulting
in important changes of the conditions at freeze-out with consequences for the final r-process abun-
dances. Besides these global effects on the r-process dynamics, the new half lives also lead to some
local changes in the abundance distributions.
PACS numbers: 26.30.Hj, 26.50.+x, 23.40.-s, 97.60.Bw
I. INTRODUCTION
Although the actual astrophysical site of the r-process
is still not known with certainty, it is commonly accepted
that the process occurs in an explosive environment of
relatively high temperatures (T ≈ 109 K) and very high
neutron densities (> 1020cm−3) [1–3]. Under such con-
ditions, neutron captures are much faster than compet-
ing beta decays and the r-process path in the nuclear
chart is expected to proceed through a chain of extremely
neutron-rich nuclei with relatively low and approximately
constant neutron separation energies (Sn . 3 MeV). Due
to the particular strong binding of nuclei with magic neu-
tron numbers, the neutron separation energies show dis-
continuities at the magic numbers N=50, 82, and 126.
As a consequence the r-process matterflow slows down
when it reaches these neutron-magic nuclei and has to
wait for several beta decays (which are also longer than
for other nuclei on the r-process path) to occur until fur-
ther neutron captures are possible carrying the massflow
to heavier nuclei. Thus matter is accumulated at these r-
process waiting points associated with the neutron num-
bers N=50, 82, and 126 leading to the wellknown peaks in
the observed r-process elemental abundance distribution.
Due to their extreme neutron excesss, most nuclei on
the r-process path have not yet been produced in the lab-
oratory and hence their properties are experimentally un-
known and must be theoretically estimated for r-process
simulations. The relevant nuclear input to such studies
are masses, which determine the r-process path in the
nuclear chart, and beta halflives, which fixes the time
the r-process massflow needs to transmute seed nuclei to
heavy nuclei including the transactinides. Neutron cap-
ture and photodissociation rates are essential, once the
r-process, in the classical picture, drops out of (n, γ)-
(γ, n) equilibrium or, if such equilibrium is not achieved,
also during the entire nucleosynthesis process. Despite
their importance only a few halflives of r-process nuclei
are experimentally known. Exploiting opportunities at
radioactive ion-beam facilities experimentalists have re-
cently been able to measure the halflives of some key
r-process nuclei at or in the vicinity of the magic neu-
tron numbers N = 50 [4–7] and N = 82 [8–11]. Al-
though measurements of halflives of r-process nuclei at
the N = 126 shell closure have yet been impossible, ex-
periments at GSI have succeeeded to provide valuable
information for nuclei towards the third r-process peak
[12].
The r-process halflive measurements have important
consequences for both, the nuclear models and r-process
simulations. At first, the halflive data clearly pointed to
shortcomings in previous theoretical model calculations.
The halflives most frequently adopted in r-process simu-
lations are based on the Quasi Random Phase Approxi-
mation (QRPA)[13–19]. The new halflive data led to an
improved energy density functional adopted by Borzov to
2selfconsistently calculate halflives of spherical r-process
nuclei [16–18]. In particular, Borzov succeeded to obtain
quite good agreement with the available experimental
data. It is also important to note that the halflife predic-
tions by Borzov agree well with those obtained by more
sophisticated models which, however, like the Hartree-
Fock-Bogoliubov model is restricted to spherical even-
even nuclei, or the interacting shell model to r-process
waiting point nuclei with magic neutron numbers [20–
22]. The recent calculations also indicate that besides
the dominating Gamow-Teller transitions also forbidden
transitions contribute to the halflives, which is most rel-
evant for the nuclei in the vicinity of the N = 126 shell
closure [21, 23].
Importantly, the experimental data are on average sig-
nificantly shorter than predicted by the global models.
Several r-process simulations have shown that replac-
ing half-lives predicted by global models by experimental
values (or by improved theoretical values in the vicin-
ity of the experimentally studied nuclei e.g. [24]) can
have interesting consequences for the process dynamics
as well as the final abundance distributions. In fact,
these simulations performed assuming different r-process
sites (neutrino-driven wind model, neutron star merger)
showed that the shorter halflives result in faster mass
flows towards heavier nuclei [5, 7, 11]. On the other hand,
Surman et al [25] studied the impact of beta decay half-
lives on the r-process with a different approach. They
identified the nuclei that have the largest impact on the
final abundances by performing individual changes in the
half-lives by a factor of 10 up and down. Their study
confirmed that the nuclei with larger impact in the pro-
duction of heavy elements are the ones around the wait-
ing points N = 82 and N = 126, and those along the
r-process path.
The aim of the present paper is to study the impact of
the new generally shorter half lives on the r-process dy-
namics and abundance distribution. In our simulations
we have adopted experimental half lives whenever avail-
able. These have been supplemented by two different
sets of theoretical half lives for those nuclei for which no
experimental data yet exist. Besides studying the effects
that different theoretical beta decay rates have locally on
the production of nuclei in the region where the rates are
changed, we also investigate global effects which can be
introduced by changes of the astrophysical conditions at
which the r-process operates for different half lives. In
particular we correlate these effects to the evolution of
astrophysical quantities like the neutron density, which
has been proven to have a significant impact on the final
r-process abundances [26]. Our simulations have been
performed for the astrophysical sites currently favored
for r-process nucleosynthesis. First, we adopt trajecto-
ries which correspond to the neutrino-driven wind model
within a supernova explosion and reflect situations of
a ’cold r-process’ (i.e. no (n, γ) − (γ, n) equilibrium is
reached), and ’hot r-process’ (this corresponds to the
classical picture where the equilibrium is achieved). Sec-
ond, we study the r process for trajectories derived from a
hydrodynamical simulation of neutron star mergers. This
study corresponds to a cold r-process with a neutron-to-
seed ratio, which is significantly larger than for the case
of the neutrino-driven wind scenario and allows for fis-
sion to play an important role for the final abundance
distributions.
Our nuclear input is based on the global FRDM model
of Mo¨ller and collaborators [13]. In our reference calcu-
lations we used this input, however, replacing beta de-
cay rates by experimental values whenever possible. In
a second set of calculations we have replaced the FRDM
half lives by those obtained within the energy density
functional model of Borzov covering a large range of nu-
clei in the mass range around the magic proton numbers
Z = 28, 50, 82 [16], the magic neutron number N = 126
[18], and for neutron-rich nuclei with Z = 40−50, N < 82
[17] and Z = 60 − 70 [27]. We stress that these calcu-
lations give good agreement with all new experimental
halflives relevant to r-process nucleosynthesis. Further-
more by using the same parametrizations of the den-
sity functional, as constrained by the data, we expect
also a larger predictive power for those neutron-rich nu-
clei, which were not yet accessible experimentally, than
obtained in previous halflife compilations. As a draw-
back, the energy functional calculations of Borzov as-
sumed sphericity of the nuclei. Hence the model can be
applied to a large set of nuclei, including those in the
vicinity of the magic neutron numbers which as waiting
points have a strong impact on the r-rocess nucleosyn-
thesis, but not to deformed nuclei. This explains why
we have used this model for a large portion, but not the
entire nuclear chart relevant for r-process simulations.
Our manuscript is organized as follows. In the next
section we describe in some detail the astrophysical sce-
narios we assumed for our r-process studies as well as the
nuclear reaction network and the nuclear physics input,
where particular emphasis is put on the adopted set of
beta halflives. Section III discusses the effect of the im-
proved halflife set on the r-process abundance patterns.
We discuss in details the results for the cold r-process sce-
nario, finding both global and local changes in the abun-
dances. We show that these findings are not restricted
to the cold r-process site, but are also observed for other
scenarios like the hot r-process, and neutron star merg-
ers. In section IV we summarize our results and give an
outlook for future work.
II. NUCLEAR PHYSICS AND
ASTROPHYSICAL INPUT
A. Nuclear reaction network and beta decays
In our nucleosynthesis studies we use the same re-
action network and setup as in [26, 28]. The initial
abundance evolution, from nuclear statistical equilibrium
(T ≈ 10 − 8 GK) to charged-particle reaction freeze-out
3(T ≈ 3 GK), is calculated with a complete network that
includes over 3000 nuclei and the reactions among them
mediated by the strong and electromagnetic interaction.
Furthermore we consider nuclear beta decays as well as
reactions on nucleons mediated by the weak interaction
(electron/positron captures and neutrino-induced reac-
tions). At the lower temperatures during the r-process,
the only relevant reactions are neutron capture, photo-
dissociation, beta and alpha decay, and fission. We fol-
low the evolution of r-process matter by a network (de-
scribed in [26]) that includes these relevant reactions for
more than 5000 nuclei. Our numerical treatment is quite
efficient. In particular, it is well suited to accurately de-
scribe the r-process freeze-out which is characterized by
the consumption of neutrons and the subsequent beta
decay to stability. We define the r-process freeze-out as
the moment in the evolution when the neutron-to-seed
ratio drops to one, i.e., Yn/Yseed = 1. In [26] the nuclear
masses and neutron capture cross sections were consis-
tently varied within the r-process network, while keeping
the same set of beta decay rates. In this paper, we use
one mass model (FRDM, [29]) and corresponding neu-
tron capture cross sections calculated with the statistical
model code NON-SMOKER [30].
In order to study the effect of beta decays we em-
ploy two different sets of half-lives for those nuclei for
which these quantities are not known experimentally.
The first set, which we take as our reference calculation,
is consistent with the FRDM mass model [13]. The sec-
ond one employs the new rates from Refs. [16–18, 27].
These calculations are based on the FRDM masses, but
use energy-density functional theory (a modified version
of the functional DF3 derived by Fayans) to calculate
the ground state properties and continuum QRPA of fi-
nite Fermi System Theory to determine the β-strength
functions. As these self-consistent calculations in gen-
eral supply good agreement to experimentally known
half lives it is expected to exhibit some predictive power
for those neutron-rich nuclei on the r-process path with
unknown half lives. We point out that these calcula-
tions include contributions from Gamow-Teller and first-
forbidden transitions. The latter become increasingly im-
portant for heavier nuclei and, for example, shorten the
half lives of neutron-rich nuclei around N = 126 signifi-
cantly. This has recently been confirmed in shell model
calculations of r-process waiting point nuclei. Figure 1
clarifies which beta decay rates we have adopted in our
r-process simulations. Black dots mark the nuclei for
which experimental half lives are known and we have
used these values in all calculations. In the reference
calculation we used half lives obtained by QRPA calcu-
lations on top of the FRDM model for all other nuclei
(called FRDM rates in the following). In the second set
(called DF3 in the following) we replace the FRDM half
lives by those derived on top of the density functional,
which, however, are only available for a limited set of nu-
clei, including, however, the important r-process waiting
points around the magic neutron numbers. For the nu-
clei, for which Borzov has calculated half lives, Fig. 1
shows the logarithm of the ratio between the DF3 (new)
and FRDM (old) rates, where, for better visualization,
the left panel shows only the region around N=82, and
the right panel the region around N=126. We observe
that the new half lives are in general somewhat shorter.
We note that Borzov has not calculated the half lives of
some odd-odd nuclei in the N = 82 region. Hence in
the r-process simulations with the new rates we use the
FRDM values for these nuclei, which can lead to some
artificial odd-even staggering. However, as odd-odd nu-
clei have noticeably smaller neutron separation energies,
Sn, than the neighboring even-even or odd-even nuclei,
the properties of the odd-odd nuclei have relatively little
impact on r-process simulations.
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FIG. 1: Logarithm of the ratio of the two sets of β decay rates
used in our nucleosynthesis calculations. The black points
mark the nuclei with experimental half lives. The dashed
lines correspond to magic numbers.
B. Other r-process scenarios
The astrophysical site for the r-process remains an
open question, but the extreme neutron-rich condi-
tions required point to explosive environments like core-
collapse supernovae, neutron star mergers, and accretion
disks [31]. Parametric studies help to understand the de-
tailed conditions necessary to produce r-process elements
as observed in the solar system and old halo star abun-
dances and to explore the impact of the nuclear physics
input (see e.g. [32, 33]). In our simulations we want to
explore the impact of beta decay rates on the r-process
dynamics and abundances within the currently favorized
astrophysical sites by adopting trajectories of hydrody-
namical simulations of neutrino-driven winds and neu-
tron star mergers.
The neutrino-driven wind from the freshly born pro-
toneutron star in a core-collapse supernova has been sug-
gested as the r-process site in Ref. [34]. However, steady-
state [35, 36] and analytic models (e.g., [37]) as well as
4current supernova simulations [38–42] do not yield the
extreme conditions needed to produce heavy r-process
elements (for a review see [43]). For our study we use
one trajectory ejected 8 s after the explosion of a 15 M⊙
progenitor (model M15-l2-r1 in ref [38]). The neutron-to-
seed ratio in this hydrodynamical simulation is not large
enough to produce heavy r-process elements. Therefore,
we artificially increase the entropy by reducing the den-
sity, as it was done in [26]. An increase by a factor of
two in entropy (S ≈ 200kB/nuc) is sufficient to produce
elements up to the third r-process peak (A ≈ 195). Al-
though artificial our simulation is expected to mimic the
typical evolution of a high entropy wind which is able to
synthesize r-process elements.
For the neutrino-driven wind model our reference cal-
culation corresponds to the same scaled trajectory as
adopted in Ref. [26]. These authors identified the result-
ing nucleosynthesis as a cold r-process, as the tempera-
ture drops very fast and, instead of a (n, γ)− (γ, n) equi-
librium (as in the classical r-process), the r-process nucle-
osynthesis is dominated by a competition between neu-
tron capture and beta decays [44]. As a second neutrino-
driven wind scenario we take the hot r-process case pre-
sented in [26], where the (n, γ)− (γ, n) equilibrium lasts
until freeze-out.
Motivated by the problems of the neutrino-driven wind
models to produce heavy r-process elements, the nucle-
osynthesis in neutron star mergers have been recently
re-visited as an alternative r-process site, see e.g. [45–
47]. This scenario was already suggested by [48] and the
first nucleosynthesis studies based on simulations have
been reported in [49]. Here we use a trajectory from a
recent hydrodynamical simulation for which a first report
on the nucleosynthesis was presented in [45]. The simu-
lation corresponds to the coalescence of a binary system
of two neutrons stars with 1.4M⊙ each.
III. RESULTS
A. Cold r-process in neutrino-driven winds
At first we will present our calculations of r-process
simulations for neutrino-driven wind conditions which
support a cold r-process, i.e. conditions for which the
temperature drops very fast and photo-dissociation be-
comes negligible compared to neutron captures and beta
decays (see [26] for more details). We will discuss this
case in some details to illustrate the general effects of the
beta decay rates on the r-process dynamics and abun-
dances. Our reference simulation is performed for the
FRDM half lives Ref. [13]. To explore the impact of beta
decays on the r-process we repeat the same r-process sim-
ulation, however, replacing the FRDM half lives by the
DF3 set (Ref. [17, 18]). Figure 2 shows the final abun-
dances based on the two sets of beta decays. The solar
system abundances (dots, [50]) are included to guide the
eye and we do not attempt to reproduce them. Rather
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FIG. 2: Final abundances for cold r-process conditions based
on two sets of beta decay rates (see text for details). The dots
represent the scale solar abundances.
our aim is to understand the differences induced by the
changes in beta decays.
Our two beta decay sets differ mainly for nuclei in
the regions of the magic neutron numbers N = 82 and
N = 126. Therefore, one expects abundance differences
between our two r-process simulations in the region of
the second and third peak, i.e., A ≈ 130 and A ≈ 195,
respectively (as has been discussed in previous works in
the context of the classical r-process, see e.g [51]). We
indeed find these local changes, which, however, are rel-
atively small (see Figure 2) due to compensating global
effects which we explore and explain below. Upon closer
inspection of the abundances in Figure 2 we find also
differences in other regions than the second and third
peaks. We can hence conclude that the changes in the
beta decay rates have two effects on the r-process abun-
dances: a local which affects the abundances in the re-
gion of nuclei with changed half-lives and a global that
changes the general abundances pattern, including nuclei
which half lives have not been modified. Global changes
occur because changes in the nuclear half lives influence
the flow of matter to heavier nuclei. Furthermore, such
changes affect how fast neutrons are exhausted during
the r-process with the important consequence that the
freeze-out can occur under different astrophysical con-
ditions. This can have important impact on the final
r-process abundances.
In order to explore the local and global effects on the
final abundance pattern observed in Figure 2 in more
details we have performed r-process simulations where
we have used the DF3 beta decay rates restricted to the
nuclei in the regions around N = 82 and N = 126 sepa-
rately. Figure 3 compares the final abundances obtained
for three different sets of beta decays: 1) our reference
calculation with the FRDM rate set (dashed black line),
2) the DF3 beta decays restricted to the region around
N = 82 (called DF3(82), red thin curve) and 3) the DF3
5130 140 150 160 170 180 190 200
A
10
−7
10
−6
10
−5
10
−4
ab
u
n
da
n
ce
DF3(126)
DF3(82)
FRDM
FIG. 3: Final abundances based on the FRDM set of half-
lives and on the new rates when used only in the region of
N = 82 (DF3(82)) and only around N = 126 (DF3(126)).
beta decays restricted to the region around N = 126
(DF3(126), green thick line).
We observe that using the DF3(82) set lowers the
abundances in the second r-process peak around (A ∼
130). The fact that the DF3 half lives are in general
shorter than the FRDM values (see ratios in Figure 1)
leads to a faster flow of matter through this region of nu-
clei with relatively long half lives. (We mention that the
longest half-lives of N = 82 nuclei on our r-process path
are known experimentally (e.g. 130Cd and 129Ag) and are
used in all our simulations.) As a consequence a smaller
amount of matter is accumulated in this mass region (be-
low A = 138) when using the DF3 rather than the FRDM
half lives. As is argued in [26] the accumulation of matter
at A = 138, visible by the large abundance peak for all
sets of half lives, is a consequence of a problematic behav-
ior of the FRDM masses for N = 82 which slows down
the r-process matter flow. Nevertheless, this problem-
atic behavior does not change our general conclusion on
the faster flow of matter due to the changes in half lives
and on changes in the consumption of neutrons which we
will discuss later. (We have confirmed this in r-process
studies using other mass models. Here we do not want
to show these results in order to keep the consistency in
mass models used for the nuclear input quantities.) We
observe a slightly larger peak at A = 138 in the DF3(82)
simulation. This is a consequence of the faster matter
flow through the waiting point nuclei around A ∼ 130
which allows more matter to reach the A = 138 peak as
compared to the FRDM case.
When using the rate set DF3(126), i.e. using only the
DF3 half lives for nuclei around N = 126, we observe a
local effect in the abundances, now around mass number
A ∼ 195, which is similar to the one found for the sec-
ond abundance peak when using the DF3(82) set. The
shorter half-lives predicted by DF3(126) in comparison
to the FRDM set lead to a faster flow of matter around
(A ≈ 195) resulting in a slight reduction of the mass ac-
cumulated in the peak and to a shift in the peak position
towards larger mass numbers.
So far we have restricted our discussion to local ef-
fects; i.e. to changes in abundances in the same regions
in which we have changed the half lives. Now we will fo-
cus on global effects by examining effects of the half-life
modifications on the abundances in other mass regions.
The faster mass flow attributed to the shorter DF3 half
lives has two obvious consequences: 1) more matter is
moved towards heavier nuclei, this can be seen in Fig. 3
for DF3(82) which has larger abundances for nuclei after
the second peak, and for DF3(126) with larger abun-
dances for nuclei beyond A = 200, 2) neutrons are con-
sumed faster. This is examplified in Fig. 4 which shows
the evolution of the neutron density as function of time.
Just after the small kink in the neutron density at t ≈ 150
ms, we observe a noticeable difference in the behavior of
the neutron density between the calculations performed
for the FRDM and DF3(126) sets on one hand and for
the DF3 and DF3(82) sets on the other. For the first
two, matter is stalled relatively long around the N = 82
waiting point, which are overcome faster for the shorter
N=82 half-lives used in the DF3 and DF3(82) sets. For
the latter case matter moves then faster towards heavier
nuclei. This consumes neutrons and hence the neutron
density gets reduced. Of course, once the N = 82 wait-
ing point is overcome for the other two sets of half lives,
we find the same reduction in neutron density, however,
occuring at slightly later times (and at other conditions
in temperature). By closer inspection we find also differ-
ences in the neutron density profiles between the calcula-
tions which differ only by the N=126 half lives. Using the
shorter half lives (as is done with the DF3 and DF3(126)
sets) allows for a faster break through the N=126 waiting
point and hence also to a faster consumption of neutrons.
This is visible in the neutron density profiles which reach
the drastic drop at slightly earlier times if we use the
shorter N=126 half lives of Borzov in our calculations;
i.e. in DF3(126) compared to FRDM and in DF3 com-
pared to DF3(82). These comparisons also indicate that
some matter flow starts to pass through the N=126 wait-
ing point already before the strong drop of the neutron
density.
To visualize the effects of the different half lives on
the r-process abundances we define the quantity ∆ =
(Yx − YFRDM )/YFRDM which is the relative difference
in abundances obtained when using one of the sets of
half lives with the shorter values for N=82 and 126 (i.e.
x stands for DF3, DF3(82) and DF3(126), respectively)
compared to the benchmark abundances calculated for
the FRDM set. The results are shown in Fig. 5 for final
abundances (solid lines) and at the moment of freeze-out
(dashed lines). If we compare the DF3(82) and FRDM
calculations, we recover the expected effect: matter is
moved from the region around A = 130 to higher masses
due to the faster N=82 halflives. Strikingly this faster
matter flow enhances all abundances between the second
6and third r-process peaks by roughly a constant factor
at freeze out. However, we observe less mass flow to
nuclei above the A=190 peak for the DF3(82) set than
for the FRDM set, which both use the same half lives
of these waiting point nuclei. The difference comes from
the fact that the neutron density drops much faster for
the DF3(82) case implying that there are less neutrons
available for capture once the N=126 waiting point nuclei
are overcome than for the FRDM case. After freeze-out
the relative abundances change slightly. However, there
is additional matter accumulated in the A=190 peak for
the DF3(82) case.
If we compare the DF3(126) and FRDM abundances
we note relatively little difference in the abundances at
freeze out up to the third peak, reflecting the fact that
both sets have the same N=82 half lives. However, there
is a significant increase for matter beyond A=190, made
possible by the faster break through the N=126 wait-
ing point. This is combined with less mass accumulated
before the third peak. The enhanced mass transport
through the N=126 waiting points brings more matter
into the region of heavy nuclei which decay by fission.
The fission decay yields of these nuclei produce domi-
nantly nuclei around A=132, which explains the observed
relative increase of abundances in the second r-process
peak for the DF3(126) calculations, particularly after
freeze-out.
Finally we like to discuss the differences between the
DF3 and FRDM calculations. For DF3 the mass flow is
faster at the N=82 and 126 waiting points. This leads to
interesting differences with the DF3(82) and DF3(126)
cases. For both, DF3 and DF3(82) the N=82 waiting
point is overcome faster than for the FRDM calculations,
leading to a similar abundance pattern upto the third
r-process peak. Furthermore the simulations with DF3
and DF3(82) half-life sets have similar neutron density
profiles (see Figure 4). In particular they reach the nu-
clei in the region of the third peak with less neutrons
available for captures than in the simulations with the
FRDM half-life set. However, the relatively shorter half
lives at N=126 in the DF3 set compared to DF3(82) (and
FRDM), allows also for a faster break through the N=126
waiting point. As a consequence, less matter is stalled
before the third peak and more is transported to heavier
nuclei, where it can also decay by fission contributing to
the abundances in the second peak. Due to the lower
neutron density, and relatively less neutron captures, the
simulation with the DF3 half-life set moves less matter to
nuclei beyond the third peak compared to the one using
the DF3(126) set. The combined effect of faster neu-
tron consumption on one hand (due to the shorter N=82
halflives) and faster flow through the N=126 region on
the other hand result in the interesting feature that the
third abundance peak is shifted slightly towards smaller
mass numbers in the DF3 case compared to the DF3(126)
one, resembling the behavior found for the FRDM half
lives.
We like to finish the discussion of our cold r-process
FIG. 4: Neutron density evolution corresponding to the base-
line (dashed black line, FRDM) and the calculations with
new rates in the regions of N = 82 (DF3(82), thin red line),
N = 126 (DF3(126), thick green line), and the full set DF3
(dotted blue line). The small kink at t ≈ 0.2 is due to the
reverse shock [38].
FIG. 5: Relative differences between baseline abundances
(FRDM) and abundances based on DF3 (blue thinest lines),
DF3(82) (red thin lines) and DF3(126) (green thick lines).
The solid and dashed lines corresponds to differences in the
final and freeze-out abundances, respectively.
scenario with three general remarks. The abundance
peak observed in all our calculations at A=138 is proba-
bly an artifact of the FRDM mass model. Furthermore,
in the calculations using the faster N=126 half lives there
is a local flow of material to heavier nuclei which is com-
pensated by an increased flow from A ∼ 130. The net
effect is an almost unchanged peak shape. Our calcula-
tions show the importance of neutron captures during de-
cay to stability. We conclude that the neglect of neutron
captures after freeze-out (i.e. for Yn/Yseed = 1), as done
in classical r-process simulations, is questionable. As has
been discussed previously (e.g.[32, 33, 52]), it is crucial
7to go beyond the classical r-process picture if one aims
at studying the effect of new half lives on r-process abun-
dances. Finally we note that the evolution of the neutron
density may also change due to improved beta-delayed
neutron emission probabilities Pn (see e.g.[26, 53]).
B. Local and global effects for different
astrophysical conditions
The change of half lives at the N=82 and 126 wait-
ing points from the FRDM set to the faster DF3 values
has similar general effects on the r-process evolution in
the two other r-process scenarios which we have stud-
ied (hot r-process in the neutrino driven wind and neu-
tron star mergers) as we have discussed above for the
cold r-process: The shorter DF3 half lives allow the mat-
ter flow to overcome the waiting points faster and more
matter is transported to nuclei between the two r-process
peaks and in particular to heavy nuclei beyond the third
peak at A ∼ 195. However, there are features specific to
these two r-process sites on which we want to focus in
the following. To illustrate our results in more details we
have again performed calculations in which we have only
replaced the FRDM halflives by the DF3 values in the
neighborhood of the N=82 waiting point (again denoted
by DF3(82)) and at N=126 (DF3(126)).
One of the important features of the hot r rprocess
in the neutrino driven wind is the fact that the reverse
shock keeps the temperature relative high (T ≈ 1 GK)
for some time (see [26] for more details). Under these
conditions an (n, γ)− (γ, n) equilibrium can be achieved
and the evolution, before freeze-out, is similar to the clas-
sical r-process. The equilibrium implies that, for given
temperature and neutron density, the r-process path is
defined by the neutron separation energy of isotopes in-
volved. Figure 6 shows the final abundances of r-process
simulation for the various sets of half lives and their rel-
ative differences, indicated by the quantity ∆ as defined
above. We observe the same general trends as discussed
above due to the faster mass flow. However, upon closer
inspection we observe several interesting details. In all
calculations (DF3, DF3(82), DF3(126)) there is less total
abundance accumulated in and, in particular, beyond the
third r-process peak in the hot scenario than found in the
cold r-process case (compare to Figure 5). This observa-
tion is consistent with the fact that the r-process path
in the hot scenario runs, due to the higher temperature,
through nuclei closer to stability. These have generally
somewhat longer half lives than the more neutron-rich
nuclei encountered on the path of the cold r-process, in
particular at the waiting points. These longer half lives
slow down the flow of matter to heavier nuclei and hence
less matter is transported into the region of the nuclear
chart where nuclei decay by fission. A striking feature
of the ∆ plot are the singular changes in abundances for
selected nuclei at freeze-out observed in the DF3(82) cal-
culation. This is caused by the fact that the faster break
FIG. 6: Abundances based on different sets of beta decay rates
(same as in Fig. 3) for a neutrino-driven trajectory character-
ized by a hot r-process.
through the N=82 waiting point in the DF3(82) (and
DF3) calculation, compared to the FRDM case, leads to
a faster consumption of neutrons, as discussed above for
the cold r process. As a consequence, the (n, γ)− (γ, n)
equilibrium, which is valid before freeze out, favors an-
other neutron separation energy and as a consequence
changing the abundances within isotopic chains. As is
wellknown such effects are washed out after freeze out
when matter decays to stability, which is also observed
in our calculations.
Due to the extremely neutron-rich environment the r-
process in neutron star mergers runs through nuclei close
to the neutron dripline. In general this means that rela-
tively short half lives are encountered on the path and
much material is transfered into regions of heavy fis-
sioning nuclei. In fact, we observe fission cycling in all
our calculations where we have used a trajectory from a
recent hydrodynamical simulation (Sect. II B and [54]).
8This means that independently of the set of half lives
used matter is encountering several transport cycles from
medium mass nuclei to heavy fissioning nuclei, which by
fission produce medium-mass nuclei. Under these con-
ditions the abundances in the second r-process peak are
produced mainly as fission yields.
The fact that the r-process path moves through nu-
clei close to the neutron dripline has the following conse-
quences for our r-process simulations with different half
lives. For the N=82 waiting point our two sets of half
lives (FRDM, DF3) are quite similar for nuclei close to
the dripline. Hence these waiting point nuclei are over-
come fast and in the same dynamical time scale in all
calculations. Thus we do not observe more matter be-
tween the second and third peaks when comparing the
DF3(82) and FRDM calculations (see Figure 7). This
is in contrast to the cold and hot neutrino-driven wind
models. At N=126 the DF3 half lives for neutron-rich nu-
clei are shorter than the FRDM ones. These differences,
however, are more pronounced when moving closer to sta-
bility. (We note that one important reason for the shorter
half lives is the incorporation of forbidden contributions.)
The differences in half lives have the following dynamical
effect if we compare the DF3 and DF3(126) calculations
with the FRDM ones. Once the matter flow reaches the
heavy nuclei beyond the N=126 waiting point, these nu-
clei fission and their decay yields are distributed back to
the second r-process peak region. As the r-process pro-
ceeds, the neutron density decreases and the path moves
closer to stability reaching a region of nuclei for which the
FRDM half lives are longer than the DF3 values Then
the shorter half-lives in the DF3 simulations allow for a
faster transfer of material from the second peak region
to the third peak region and beyond. In summary, the
main effect of the shorter half lives in the set of DF3 cal-
culations is a change of time scale for the fission cycles;
i.e. matter moves faster from lighter nuclei to heavier
(as is the feature in the DF3(82) calculation) and can be
transported faster beyond the third peak where it even-
tually will decay back by fission producing new material
around the second peak. We stress that the fissioning
nuclei in our calculations are located around mass num-
bers A = 280. Hence the fission yields of these nuclei do
not directly populate the third r-process peak. Hence in-
teresting local abundance features, even after freeze out,
can occur in the mass region of the second peak, which
we will discuss briefly in the following. In particular, one
observes in Figure 7 that the noticeable underproduc-
tion of abundance in the DF3 calculations around the
second peak observed at freeze-out is filled up by yields
from late fission. In fact we find that, independently of
the set of half lives used, the final r-process abundance
distributions look quite similar up to masses around the
third peak. Here the differences introduced by the faster
half lives do not only pertain, they are modified and par-
tially enhanced after freeze out. At first, some of the late
fission yields, originally produced as matter around the
second r-process peak, is transported towards the third
FIG. 7: Same as Fig. 6 for a trajectory of a neutron star
merger simulation.
peak by neutron captures, even after freeze out. With the
faster DF3 half lives more matter can even at late times
overcome the N=126 waiting point than for the FRDM
half lives, explaining the growth of the abundance trough
around A=195 in the relative abundance differences ∆.
It is also interesting to note that ∆ is increased for a few
nuclei around A = 200, related to the longest half lives
encountered at the third peak. At first, long half lives,
which act as obstacles on the r-process path, are already
encountered for smaller proton numbers at N=126 for the
longer FRDM half lives. As one consequence, matter is
accumulated at slightly lower mass numbers when using
the FRDM N=126 half lives. Secondly, we notice that
the nuclei, which are strongly produced when using the
DF3 halflives, are moved up in mass number slightly af-
ter freeze out. This is due to the fact that the r-process
path moves closer to stability due to decreasing neutron
density.
Finally we note that after freeze out matter between
9the third peak and the long-lived thorium and uranium
isotopes decays either by fission or α decay, explaining
the abundance trough in the final r-process abundance
beyond the third peak.
IV. CONCLUSIONS
Due to progress in nuclear modelling and constrained
by half-life measurements at RIB facilities for nuclei at or
towards the r-process path, indications have grown that
the half lives of key r-process nuclei close to the magic
neutron numbers are shorter than anticipated in global
models usually used in r-process simulations. In partic-
ular evidence has grown that forbidden transitions, until
recently not being considered adequately in half-life cal-
culations, contribute significantly to the beta decay rate
for nuclei in the vicinity of the N=126 waiting point.
We have studied the impact of the potentially shorter
half lives on the dynamics and the abundances of the r-
process. To do so, we have performed calculations for two
different sets of half lives: in the first we have adopted
the predictions of the global FRDM model for those nu-
clei for which experimental values are not available, in
the second set we have replaced the FRDM half lives by
those of the DF3 model. The latter model gives a fair ac-
count also of the recent experimental data and generally
predicts faster half lives than the FRDM model, making
it an appropriate tool to study the effect of shorter half
lives on r-process simulations. However, the DF3 model
is restricted to a selected set of spherical nuclei, which
importantly includes the nuclei in the region around the
N=50, 82 and 126 r-process waiting points. Our r-process
simulations have been performed for three different astro-
physical scenarios: a cold and hot r-process related to the
neutrino-driven wind scenario in supernova explosions,
and an r-process in the extremely neutron-rich environ-
ment encountered in neutron star mergers. To study the
impact of shorter half lives on the r-process in more de-
tails we have also performed calculations in which we
only partially use the DF3 half lives; i.e. in which the
substitution of the FRDM half lives by the DF3 ones is
restricted to the region of either the second (N=82) or
the third (N=126) r-process peak.
The general feature of the calculations with the shorter
half lives (DF3 set) is a faster mass flow of matter towards
heavier nuclei as the relatively long waiting point nuclei
at N=82 and 126 are overcome faster. Associatedly neu-
trons are consumed faster and the r-process freeze-out
occurs at different astrophysical conditions. These effects
on the r-process dynamics have interesting consequences
for the final r-process abundances. In the cold r-process
scenario the faster mass flow through the N=82 waiting
point moves more matter beyond A=130. However, the
mass flow through the N=126 waiting point and beyond
is governed by two competing effects: the shorter half
lives support a faster flow through the N=126 waiting
point, however, there are less neutrons available when
the matter flow reaches these nuclei throttling the pro-
duction of heavier nuclei beyond A=195. The result of
these competing effects is that the final r-process abun-
dance in the third peak is quite similar in simulations
with the faster (DF3) and longer (FRDM) half-life sets.
We note that this is different if we only replace the half
lives in the region of the N=126 nuclei, as then the break
through the N=126 waiting point occurs at a significantly
higher neutron density.
For the hot r-process scenario we find quite similar
trends when comparing the calculated abundances for the
shorter and longer half lives. However, there is less mat-
ter produced beyond the third (A=195) r-process peak in
the hot scenario caused by the fact that, due to the higher
temperatures involved in this astrophysically site, the r-
process path runs through nuclei closer to stability than
in the cold scenario. These nuclei have longer half lives
and serve as stronger obstacles, particularly at the N=82
and 126 waiting points, for mass flow towards heavy nu-
clei. We also observe that the faster break through the
N=82 waiting point nuclei, associated with the faster
consumption of neutrons, can change the conditions of
the (n, γ) − (γ, n) equilibrium, which is achieved in the
hot r-process scenario before freeze out, and might favor
other nuclei in an isotopic chain. This leads to significant
local changes in abundances during the r-process, but is
mostly washed out during decay to stability.
The r-process mass flow in the neutron star merger
scenario is characterized by the fast half lives (compared
to the neutrino-driven wind model) of the nuclei on the
r-process path close to the neutron dripline, transporting
much material to heavy nuclei into the fissioning region
beyond the thrird peak and supporting several fission cy-
cles. The main result of the faster half lives in the DF3
set is a reduction of the fission cycle time allowing for
a faster transport of matter from the second r-process
peak region (to which the fissioning nuclei in our simu-
lations with mass numbers around A ∼ 280 dominantly
decay) to the region of fissioning nuclei. We find that the
matter flow from the fission yields towards heavier nuclei
can continue even after freeze out and that at late times
shorter half lives in the N=126 waiting point region can
induce quite significant abundance changes in this region.
In summary, our r-process studies have highlighted
some effects of the half lives of waiting point nuclei in
the N=82 and 126 mass regions on the final abundances.
This obviously calls for more experimental data, either
to determine some of the key half lives directly or to con-
strain theoretical models and hence to reduce the uncer-
tainties in the predictions. Such important experimental
progress is expected from radioactive ion-beam facilities
like RIKEN or in the future at FAIR and FRIB, which
promise to reach also the important waiting point nuclei
at the third r-process peak.
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